Introduction
Classical swine fever (CSF) is a serious infectious disease of pigs caused by a virus (CSFV) which along with the related viruses of bovine viral diarrhoea (BVD) and border disease (BD) make up the Pestivirus genus within the family Flaviviridae (Francki et al., 1991) .
The glycoproteins of CSFV have been named according to their apparent molecular mass (gp44-48, gp33 and gp55) or more recently have been designated as E0, E1 and E2, consistent with the nomenclature used for other flaviviruses (Riimenapf et al., 1993) . E2 (gp55), the major glycoprotein, is highly immunogenic and antibodies raised against it are often neutralizing. Perhaps as a consequence of immune selection E2 is relatively variable, both in sequence and antigenically (Collett et al., 1989) .
The ability of ruminant pestiviruses to infect swine (Snowdon & French, 1968) and the occurrence of poorly defined antigenic heterogeneity within the Pestivirus genus has caused difficulties in the differentiation of CSFV from the other pestiviruses. A diagnosis of CSF is now generally confirmed by type-specific monoclonal antibodies, particularly those directed against E2 (Wensvoort et al., 1986; Edwards et al., 1991) . Recently, PCR primers have been designed specifically to detect CSFV (Wirz et al., 1993; Katz et al., 1993; Vilcek et al., 1994) .
Most of these have been directed towards relatively conserved areas within either the 5' non-coding region or non-structural genes in order to give the best chance of detecting uncharacterized isolates.
In addition to diagnosis, more detailed information is often required to understand the spread and evolution of a series of disease outbreaks. The techniques of PCR and nucleic acid sequencing coupled to phylogenetic analysis have been used extensively to produce this type of information. These studies have provided valuable epidemiological data on such diverse viruses as human immunodeficiency virus (Salminen et al., 1993) , dengue virus (Rico-Hesse, 1990 ), influenza B virus (Rota et al., 1992) human papilloma virus (Ho et at., 1991) and footand-mouth disease virus (Beck & Strohmaier, 1987) . In the case of dengue virus, fragments of less than 3 % (240 bp) of the viral genome have been used successfully to differentiate virus subtypes. Berry et al. (1993) and De Moerlooze et al. (1993) have both compared sequence information obtained from the highly conserved 5' region of the pestivirus genome and partial sequences of structural genes have proved valuable in the classification of BD viruses (Roehe et al., 1992; Lowings & Paton, 1993; Becher et al., 1994) . As yet no molecular epidemiological investigations have been reported for pestiviruses. The probable reason for this is that the conserved regions previously chosen for amplification do not yield sufficient information for epidemiological analysis within a particular pestivirus type-species. In addition the development of universal primers to variable regions capable of yielding such information is more problematic. In this paper we show the potential power of molecular epidemiology to determine the relationship between outbreaks of CSF. We have accomplished this by designing two sets of degenerate PCR primers that are capable of amplifying genomic fragments from all of the CSFVs tested. In addition, we have briefly compared our molecular analysis with information obtained from MAb typing, revealing that the molecular methods were more accurate.
M e t h o d s
Viruses. The virus isolates used for this study could be divided into two groups, the first of which was used solely for testing the specificity of the primer set and included 33 porcine isolates (32 were CSFV), four bovine isolates and four ovine viruses. The viruses from this group were antigenically diverse and had been isolated in many different countries. The second group was used for an epidemiological study and consisted of CSFVs obtained from domestic swine and free-living or captive wild boar which had been isolated over a 7 year period (1985 to 1992) from six provinces of Italy (Fig. 1) . Members of this group were named according to their geographical origin (north, central or south), chronology of isolation (1 to 8) and animal type (Wild or Domestic). Thus clW was the first virus to be isolated and it was obtained from a wild boar (captive herd) in the central region of the study. The source of this infection was attributed to swill food from a nearby international camp-site. This first isolation from Livorno province in October 1985 was followed during June 1986 to August 1987 by five outbreaks in domestic pigs and 53 cases in free-living wild boar. From September 1987 to May 1990, 129 cases of CSFV were detected in free-living wild boars (virus c2W was one of these), five outbreaks occurred in captive herds of wild boar and nine outbreaks occurred in domestic pigs. These cases were in Livorno and the three adjoining central provinces of Pisa, Siena and Grosseto. In 1991 these provinces had three further domestic pig outbreaks (two of which were represented by c3D and c4D); in addition, an isolated outbreak (n5W), occurred in a captive herd of wild boar in the more northerly province of Parma. In 1992 there was one further outbreak (n6W) in the northern province of Massa, which adjoins Parma, and the two further southern outbreaks (s7D and s8D) on the borders of Roma and Latina. There was some evidence that the s7D and s8D isolates were of lower virulence than the viruses isolate:l earlier (Ferrari et al., 1993) and some anecdotal evidence suggested that there had been wild boar/domestic pig contact prior to the outbreaks caused by viruses c3D and c4D. All CSFVs were passaged in th~ PK15 cell line, whilst the ruminant viruses were grown in bovine turbinate cells. None of the Italian isolates had received more than four in vitro culture passages. None of the viruses used for this study was biologically cloned.
Monoclonal antibody typing. The Italian group of viruses was assessed for reactivity to a panel of 23 MAbs. Eighteen MAbs had been raised against CSFVs, three against BD viruses and two against BVD virgges (Wensvoort et al., 1986; Edwards et al., 1988; Edwards & Sands, 1990; Paton et al., 1994) . Reactivity was assessed by an indirect immunoperoxidase method using previously optimized dilutions of antibody to probe fixed monolayers of cells that had been infected with approximately 300 TCIDso of each virus (Edwards et al., 1988) . PCR, molecular cloning and sequencing. RNA was extracted from infected cells 48 to 72 h post-infection using the acid phenol method (Stallcup & Washington, 1983) . Reverse transcriptase PCR (RT-PCR) was as described by Sambrook et al. (1989) . For phylogenetic analysis we selected two regions, the first (the gp fragment) straddling the El/E2 (gp33/gp55) gene junction and the second (the pol fragment) composed of 3' non-coding sequence and the 3' end of the putative polymerase gene NS5B (p75). Both these areas seemed free from hypervariable regions but had sufficient variation to allow distinction between closely related virus isolates. Our rationale was that the highly conserved p125 gene or the 5' non-coding region, though useful for the separation of pestivirus types (Berry et al., 1993; De Moerlooze et al., 1993; Katz et al., 1993) , would be of little use for the fine resolution of similar CSFVs. We targeted our gp complementary primer to an area encoding an E2 epitope that is highly conserved in CSFV (van Rijn et al., 1993) , whilst our upstream gp primer was targeted at the 3' end of the adjacent E1 gene. Both sets of primers were designed using a multiple sequence alignment of pestiviruses which included CSFVs Alfort (Meyers et al., 1989) and Brescia (Moormann et al., 1990) and BVDVs NADL (Collett et al., 1988) , Osloss (Renard et al., 1987) and SD-1 (Deng & Brock, 1992) . The forward gp primer, gpFRI, was AAAGAATTCAG(AG)CCAGACTGGCCNTA(CT)GA and corresponded to nucleotides 2218 to 2240 of Alfort. The reverse gp primer, gpRSal, was AAAGTCGACTT(CT)ACCACTTCTGTTCTCA, which corresponded to the reverse complement of Alfort nucleotides 2870 to 2888. The forward pol primer, polF, was ATG(TC)T(GA)AA-TGTGTT(AG)ACAATG and corresponded to Alfort nucleotides 11149 to 11169. The reverse primer, polR, was CCTCCAGCTA-AAGTGCTGT and corresponded to the reverse complement of Alfort nucleotides 12220 to 12238. The gp PCR involved 35 cycles of 95 °C for 45 s, 55 °C for 60 s, 72 °C for 60 s followed by a final extension at 72 °C for 5 min. For the pool PCR the annealing temperature was reduced to 50 °C.
For the gp sequencing five RT-PCR reactions from each of the CSFV isolates were pooled and purified using agarose gel electrophoresis and Prepagene silica matrix (Bio-Rad). The purified products were cut with the restriction enzymes EeoRI and Sail prior to cloning into similarly cut pBluescript KS(+) and KS(-) (Stratagene) plasmids.
These constructs were used to transform E. coli strain XL-blue (Stratagene) and DNA sequencing (Sequenase, USB) was from single stranded templates produced by helper phage phagemid rescue. Initially the gpRSal and gpFRI primers were used as sequencing primers for the 671 bp cloned PCR product, but further internal primers were designed and used to generate a total of 475 bp of unambiguous sequence. For each isolate at least five clones were sequenced and the majority sequence was used for further analysis with the exception of the isolate s7D where two distinct sequence populations appeared to be present (designated s7D and sTD~).
The pol fragment was directly sequenced by cycle sequencing using fmol sequencing (Promega Computer analysis. Multiple alignments of the published pestivirus sequences and the Italian CSFV El/E2 or polymerase regions were carried out with the PILEUP program on the GCG package (Devereux et al., 1984) and data for phylogenetic studies were analysed with the multiple programs of the PHYLIP package (Felsenstein, 1989) . Analysis included maximum likelihood, least square, neighbourjoining, UPGMA, compatibility and multiple parsimony methods. To assess confidence levels bootstrapping and statistics were applied to the data prior to the execution of some of these programs. The gp sequences were analysed in their entirety, divided in two smaller parts corresponding approximately to segments of the E1 and E2 genes, as derived peptide sequence, or for parsimony as an aligned sequence of only the informative non-conserved wobble bases. Where the program model allowed the alteration of expected transition/transversion ratios, we varied this to achieve the best fit of our data to the model (2: 1). MAb results were converted into binary values corresponding to positive or negative reactivity and analysed by parsimony with the above mentioned statistics.
Results

Monoclonal antibody typing
The results of the MAb typing on the Italian CSFVs are shown in Table 1 . All of the viruses were clearly CSFV and not either of the related BVD or BD pestiviruses. Nine of the MAbs showed some discrimination between isolates although in some cases the positive staining was very weak, making interpretation difficult. All of the Italian isolates were clearly different from the Alfort and Brescia reference strains. Two groups of viruses (c2W/ n6W/s7D and clW/c3D) appeared identical or very similar, whereas the patterns of staining for each of the other viruses were unique. The data were converted into a plus or minus score for MAb reactivity and the most parsimonious phylogenetic tree was determined. This tree was tested by bootstrapping and half deletion jackknifing statistics and most of the calculated nodes were found not to be significant (data not shown).
Specificity of the primer sets
The primer set gpFRI/gpRSal produced a specific 671 bp product with all the CSFV RNA samples. No products were detected from the bovine or ovine isolates nor from the single non-CSFV porcine virus. With some of the CSFV isolates an additional band was detected at 250 bp.
The polF and polR primers produced a product of 1090 bp in all CSFV infected RNA samples but were not assessed with ruminant viruses. 
Relationships between Italian CSFVs
In addition to the aforementioned published nucleic acid sequences the multiple alignment for the gp fragments included sequence from the Alfort 187 (Muyldermans et al., 1993) and the Weybridge (Yu et al., 1993) strains of CSFV. All the sequences showed a high level of conservation with variation occurring mainly at the wobble bases. However, in some cases, this base was also conserved throughout the 13 viruses. Nucleotide and peptide distances between the viruses in the gp region are shown in Table 2 . Nucleic acid identities varied from 82.53 % between Brescia and n5W (83 substitutions) and 99.79 % between clW and c3D (one substitution). From the sequence, three subgroups can be resolved each having inter-group identities of greater than 97 %. Group 1 consists of Weybridge and Alfort 187 with an identity of 98"53 % (seven substitutions). Group 2 (north/south group) contains s7D, s8D, Alfort, n6W and n5W with identities ranging from 97.26% to 98-95% (up to 13 substitutions). Group 3 (central group) consists of clW, c3D, c2W and c4D and has identities ranging from 98.95 % to 99"79 %, corresponding to between one and four substitutions and making it the most homogeneous of the subgroups. The remaining viruses, Brescia and s7D 2, did not fall into any of the subgroups. The viruses s7D 2 and s7D were isolated from the same stock of uncloned virus and could therefore be the result of two distinct viruses existing within one animal or of in vitro cross-contamination. The above mentioned relationships were similar at the peptide level; however, identities were greater within the north/south group than within the central group. The presence of minor variants within some of the other virus stocks were also noted but all such mutations were unique to individual clones. We used the sequences from the gp and pol regions as inputs for phylogenetic analyses and in all cases group relationships were essentially as those outlined above. Fig. 2 shows phylogenetic trees from maximum likelihood analysis of each set of data. Statistical analysis using bootstrapping or delete half jackknifing showed the confidence in these results to be very high (P < 0"01 for most nodes, Fig. 2 ). The high confidence levels in the groupings were confirmed by the minimal effects of altering the transition/transversion ratios from between 1 : 1 and 6: 1. A similar grouping was obtained when the gp sequences were analysed in either of two sections, indicating that the results were not distorted by local selection (for example of a critical antigenic epitope). Results from analysis of derived amino acid sequences were less informative and the group relationships were not as significant when bootstrapped. Nevertheless, the tree was essentially unchanged.
Codon usage and RNA secondary structure
We observed that some of the gp region wobble bases were highly conserved in these viruses. To investigate whether this conservation was due to codon usage bias we constructed two codon usage tables. One was based on usage in the whole open reading frame of Alfort and Brescia, the other on the gp region of all 13 CSFVs compared in this study• Neither table satisfied the suggestion that codon usage could explain this conservation. Indeed, some conserved codons were very rarely observed in either table: for example, ACG was only used in 7 % or 11% of threonine codons and yet the G is conserved at Alfort nucleotide 2751 in all the isolates examined.
Discussion
The gp PCR primers developed for this study have been shown to be specific for CSFV, amplifying a product of 671 bp from every CSFV virus examined. The sensitivity was sufficient for all products to be clearly visible within ethidium stained agarose gels. The assay should therefore be useful for the laboratory confirmation of a diagnosis of CSF. Others have reported CSFV specific primers with diagnostic potential. Katz et al. (1993) used nested sets to obtain sufficient specificity, whilst Vil6ek et al. (1994) employed pan-pestivirus specific amplification followed by type-specific restriction enzyme digestions. All but Katz et al. have avoided primers targeted at the structural proteins presumably due to the variability of such genes. Our requirement to detect variability within a single pestivirus type has led us to this region and to a varigtble part of the putative polymerase gene of the CSFV genome. PCR product sequencing has allowed us to compare some reference viruses with eight isolates of CSFV obtained in Italy over a 7 year period. The genetic regions investigated are apparently free from major hypervariable sequences which can distort phylogenetic data and the majority of mutations occurred on the third (wobble) base suggesting random selection at these bases. The data presented as phylogenetic trees produce accurate groupings of the viruses but are probably insufficient to draw specific evolutionary relationships between or within these groups. Likewise, the trees are presented as unrooted as the direction of evolution within each group of isolates is unknown. However, due to the greater virulence of CSFV and the lack of adaptation in the form of persistent infection it has been suggested that this virus may have evolved more recently than the other pestiviruses (Moennig & Plagemann, 1992) , so there is some justification for placing a BVD virus as an outgroup virus. When this is done with the gp sequences (using the strain NADL) the most likely root joins at the s7D2 node. A number of interesting points are evident from the trees presented in Fig. 2 . Both trees show similar groupings of the viruses (central group, north/south group and Brescia alone): this makes false grouping due to recombination events very unlikely. Using the gp sequence information the similarity, at the nucleic acid level, of the north/south group to the reference strain Alfort (98.95 % with n6W) and the close relationship of Alfort 187 to the Weybridge CSFV strain (98.53 %) suggests a common evolution of these viruses within their respective groups. Interestingly, virus s7D 2 is very different from any of the other isolates, the closest relationship being 91.78 % with c2W. It is possible that this isolate is a contaminant or that two distinct viruses were present in the same animal. An argument that s7D 2 could be the representative virus and that s7D is the contaminant does not fit the epidemiological pattern and seems unlikely as s7D is also distinct from all the other consensus clones and any of the observed minor species. Interestingly, both s7D and s7D 2 gp sequences are distinct from all 32 CSFV isolates prepared in our laboratory about a year before the commencement of this study (data not shown). When the pol region was sequenced directly the s7D 2 virus sequence was not observed. This is possibly due to pol primer bias. The presence of variation in some of the gp molecular clones can be explained either as cDNA/PCR artefacts or, more plausibly, due to their apparent abundance as minor variants within a virus quasi-species. These variants were not observed by direct sequencing of the pol region where we would expect minor virus types to be diluted out. Inclusion of the gp fragment mutants in the phylogenetic tree produces no large change in grouping pattern or spread so they have been omitted from the analysis. The relative evolution of the north/south group compared to the central group is also of interest. From our nucleic acid sequences it seems that the central group has been much more stable remaining within 1.05 % over 6 years while the north/south group varied 2.53 % over 1 year. Such differences could be due to sampling errors but are more likely a result of multiple introductions of similar viruses, possibly from a common source. Due to their temporal and geographical relationship, it is probable that isolate n6W was derived from n5W and not from a separate introduction. If this is true, these viruses may be evolving at a greater rate than that of the central group. The apparent greater divergence of the central group at the peptide level is probably less significant as the maximum divergence within these groups is only two amino acids. These results show that under certain conditions this variable part of the CSFV genome can be remarkably stable.
Our molecular analysis correlates precisely with the known and suspected epidemiology. It appears that the initial infection spread from captive (clW) to free-living wild boar (c2W) and back to domestic swine (c3D and c4D) over a 6 year period. Prior to this study wild boar were suspected of being a reservoir for this virus for a number of reasons. (i) No captive swine outbreaks occurred between October 1985 to May 1986 but the disease reappeared in June 1986. (ii) Infected free-living wild boar were found dead or were shot near all the reported outbreaks. (iii) Fencing around most of the infected premises was inadequate to avoid wild boar contact. (iv) Actual wild boar contact was very likely in at least one of the 1991 outbreaks where the disease occurred 21 days after an escape incident. Our analysis supports the presence of a CSFV reservoir in the freeliving population for two reasons. Firstly, these central viruses isolated from captive or free-living wild boar or from domestic pigs appear nearly identical. Secondly, the virus remains almost unchanged after the period October 1985 to May 1986 when no captive wild boar or domestic swine infections occurred.
The northern outbreaks (n5W and n6W) were thought to be distinct from the central outbreaks mainly for the reason that provinces between the two areas were free from the disease and that natural and man-made barriers separated the zones making natural movement of wild boar impossible. Our analysis shows this assumption to be correct. The northern viruses are a separate subtype.
Little was known about the southern isolates (s7D and s8D) but the source of infection was suspected to be the importation of pigs from Eastern Europe. Molecular analysis has demonstrated that these viruses are similar to the northern group but the variability of the north/south group supports the suspicion that these outbreaks may have resulted from separate introductions of similar viruses. Interestingly, the owner of the captive wild boar from which n5W was recovered not only fed the pigs on swill, but also imported wild boar meat from Eastern Europe.
In this study we have compared the use of MAbs to that of nucleic acid sequences as a means of deriving epidemiological information from CSFV isolates. Although the MAbs did show some grouping ability a less likely epidemiological model was produced and when tested with bootstrapping resampling was shown to be statistically unsound. There are several reasons for this. MAb reactivity by its nature is probing phenotype differences so silent mutations are not informative. Also, most MAbs within a panel may be reactive to only a small number of highly immunogenic sites and therefore may be sampling a small area of the virus repeatedly. For these reasons, pestivirus MAbs are probably more useful for discriminating between distantly related members of the group such as between CSFV and the ruminant types (Wensvoort et al., 1986) or between BVD and BD viruses .
The conservation at the third base position in an RNA molecule could be due to a number of reasons, for example to maintain a favoured codon usage, to protect against degradation, to regulate transcription (e.g. slippery sequence preservation), or to maintain a particular secondary structure for other reasons. From our studies it appears that codon usage cannot explain the phenomenon in this instance, which leaves RNA secondary structure as the most likely alternative cause. Such conservation will require further study.
This work demonstrates some of the potential power of sequencing-based molecular epidemiology for the study ofpestivirus infections. More specifically, using the chosen areas of the genome allows good resolution between recently diverged CSFVs and may prove a useful tool in CSF diagnosis and in epidemiological investigations into future outbreaks of CSF.
